ngineers learn from mistakes. The mantra "fail often, fail fast" is sometimes heard in the research and development environment and describes a spirit of exciting exploration, investigation, and innovation. But the real world is a crucible for errors and fl aws where the failure of functional designs can affect real people. There is always a human face to engineering design decisions, and the result of an unanticipated coincidence of events or conditions is the stuff of nightmares for engineers. Whether the result of failure is annoyance and embarrassment or catastrophe and tragedy, engineers use a systematic approach to discovering what went wrong.
The module "Root Cause Analysis: Methodologies and Case Studies" is a portion of the Senior Engineering Course at Technology High School. The root cause of a problem is the most fundamental issue and may be obscured by symptoms or secondary causes. The object of our module is to teach students a systematic approach to the analysis of complex problems involving engineering failures. Students at our school enjoy a projectbased curriculum centered around integrated science and engineering courses. All courses, with the exception of mathematics and foreign language, are taught using a grouporiented, project-based approach. From freshman to senior year, students work in project groups that are assembled, organized, and reorganized in order to learn the same material taught elsewhere with a traditional lecture model. Every student is required to contribute in every possible role, and they all learn to bring something to the table in terms of talent and energy. For example, some students covet the role of leadership; others are less comfortable with it, yet each student must learn to take the reins and make a group work to produce the desired product. By the time our students are seniors, they can organize quickly and effi ciently into teams to solve the problem at hand and accomplish the goal set forth by instructors.
The aim of the module is to provide students tools for the analysis of adverse events in engineering and to allow them to further develop and refi ne the methods themselves. Our engineering program spans 4 years, beginning in the freshman year with projects to introduce students to our research and development (R&D) and robotics shop through the senior year in which students develop their senior projects (their magnum opus) during the second semester. The Root Cause Analysis module is currently composed of fi ve case studies that are progressively more complex and difficult to assess. The basic introduction stresses problem defi nition. The initial case studies utilize commercially available documentaries (e.g., History Channel: "Engineering Disasters") that are interrupted before the "punch lines" are revealed. Examples, such as the Titanic disaster and design fl aws in Liberty ships, are presented by the instructor to model problem defi nitions.
The fi rst case study is the sinking of submarine Thresher (SSN-593). Through discussions in groups and round-robin classroom discussions, students learn problem defi nition of adverse events as a method that steers investigations toward the root cause. Students are encouraged to ask "why" at least five times and to keep asking "who, what, when, where, how, etc.," until they arrive at a root cause. We coach the students to fi nd at least two root causes in the form of preexisting conditions and actions (1) . The end game is to elicit recommendations for effective corrective and preventive actions (CAPA) outlined in class discussions at fi rst and later in their executive summaries. Students are assured that their opinion is as good as anyone else's provided they've done their homework with due diligence.
When students are adept at problem definition, they are introduced to analysis methods including Ishikawa fishbone diagrams and fl ow charts. A pre-prepared investigation into the interstate highway I-35W bridge collapse in Minneapolis (2) introduces the fi shbone-style organization tool. Working in groups, students use photographs and a video of the failure (available in the public domain, online) to arrive at their conclusions and their recommendations (see the fi rst photo). The executive summary of the investigation report issued by the National Transportation Safety Board is used to model the requirements for executive summaries that students produce for the class (3). A simpler event (4) Students at this point have learned problem defi nition, analysis methodologies, criteria for CAPA recommendations, and executive summary format. In the fourth case study, they employ these tools to analyze the blowout in the Gulf of Mexico at the Macondo deep-water well site. Products required are a group presentation to the class of a graphical analysis (fi shbone or fl ow chart) and their fi rst executive summary (see the second photo).
In the first four case studies, students learn the tools for analysis and gain confi dence in the methodology. The fi fth case study is as close to "real life" as we can make it. For this case study (5) , students are asked to attend class at night during a quiet time on campus to minimize distractions. They engage in an intensive, 4-hour exercise in which small groups are required to acquire information that is known only to one of six engineers involved in the real adverse event (the Columbia space shuttle disaster). Instructors confer before the exercise to "seed" groups of seniors with students most likely to be able to adopt the personality of the engineer involved such that they can play them successfully in reenacting a critical mission management team meeting. After the meeting, the scenario switches immediately to the day of the disaster, where the students, still maintaining their roles as expert engineers, must face the public (instructors, parents, local media, professors, etc., playing the roles of the press) in a brutal mock press conference. This "trial by fi re" is probably the most intense education our students have ever encountered. After a closing lecture, students are sent off to collaborate but individually to write their executive summaries, which are due the next day, in 12 to 15 hours.
Great emphasis is placed on sharing ideas and knowledge, especially since students are in possession of only the information from the individual engineers. This is a dicey situation insofar as authentic, individual work is required (executive summaries). However, communication is the "way of the world," and it is encouraged in this course. For the fi nal product of the fi fth exercise (executive summary for the "Columbia" disaster), students are encouraged to self-organize into teams to share information and documents generated during the process. Contact information is exchanged to promote the overnight discussion through cell phones, e-mail, Facebook, and texting. As instructors, we encourage them to use every available means to share ideas and content. Working in small groups at the library or at private homes, our students develop amazing analyses and produce executive summaries that rival the best written by professionals. The morning after "CAPA Night" (as the final exercise has become known) is an eyeopener for younger students. This is usually the last day of the semester, and instructors are gentle with senior students. Still, from the opening of the school day to the last minute of the executive summary deadline, seniors, in various stages of torpor and stupor, trundle in to submit their executive summaries, which leaves younger students agog. Since the inception of this program, seniors have been very good about keeping the content of the exercise confi dential. Even though younger students observe the aftermath (exhausted senior students) for several years, for each new senior class the scope and breadth of CAPA Night comes as a surprise.
Root cause analysis-CAPA investigations are challenging and intellectually invigorating. Although this module ends with a grueling, intensive exercise, the results of this course are exhilarating for the students. They eagerly apply lessons learned at every opportunity and report that these skills hold them in good stead even after leaving Tech High.
